Cholinergic and f-adrenergic stimulations of ionic currents are major physiological mechanisms in the regulation of heart rate and contractility. Muscarinic 
were 558±197 ,gsec (70%) and 9.65±3.17 msec (30%). The net result of these effects on open and closed time intervals and on the distribution of the slow and fast components was an increase in the probability of channel openness ( Figure 1A ). Propranolol (1 ,M), a ,B-adrenergic blocker, abolished the effects of isoproterenol on atrial beating rate and on the K+ channel (open time of -1 msec, n=3). When dibutyryl cAMP (50 ,uM) was applied extracellularly to cell-attached patches, a 1.6+0.4-fold (n =3) increase in channel activity and a 3.2±0.9-fold increase in the mean durations of channel opening were observed ( Figure 1B Effect of PKA on the Unstimulated K' Channel To determine whether the K' channel itself or associated membrane proteins are possible targets of phosphorylation by PKA, we first studied the effects of PKA on the kinetics of the K' channel that opens spontaneously under basal conditions. We incubated cells with 100 ng/ml pertussis toxin for 8 hours to uncouple muscarinic receptor from G proteins. Under these conditions, ACh in the pipette failed to activate K' channels, as shown in Figure 4A Application of isoproterenol to cell-attached patches also induced similar changes in the kinetics of the basally active K' channels (open times of 0.86->4.32 msec, n=8). These results suggest that PKA phosphorylates the K' channel or an associated regulatory protein to cause alterations in the gating mode of the K' channel. The above results also suggest that the basally active and ACh-activated K' channel may be the same channel. Other Activators of the Muscarinic K' Channel If PKA directly alters the gating of the K' channel, then other activators of the K' channel should, in the presence of the kinase, also cause opening of the channel with similar changes in the gating kinetics. This idea was tested using adenosine, which also activates the same population of K' channels via a different receptor.25,26 When muscarinic K' channels were activated with 100 ,uM adenosine, application of the catalytic subunit of PKA to the inside-out patches also produced increases in channel activity (2.4 ±0. The results of this study indicate that even in the absence of an activator of the K+ channel such as ACh or adenosine, isoproterenol or PKA is capable of producing similar changes in the kinetics of channel opening, that is, increase in the channel open time. This is presumably the molecular basis for the /3-adrenergic stimulation of the ACh-activated K' channel activity and the enhanced response to ACh in the presence of PKA. Presumably, once the K+ channel or an associated regulatory protein is phosphorylated by the kinase, its gating kinetics are altered, and the channel remains in that mode as long as it is phosphorylated. Dephosphorylation by the alkaline phosphatase (see Figure 3) is then able to partially revert the mode of channel behavior. This type of channel behavior is analogous to the effects of isoproterenol on the kinetics of cardiac Ca2' channels, which occur via PKA. It was shown that f3-adrenergic stimulation increases open time but shortens closed time durations, resulting in a large net increase in the probability of channel openness. 9, 27 Although phosphorylation of the muscarinic receptors by PKA cannot be ruled out,28 our results are consistent with the phosphorylation of the K+ channel or closely associated regulatory proteins by PKA. Phosphorylation of the receptor itself may potentially alter the probability of channel opening by regulating the amount of G protein subunits (a and f,y) generated to activate the channel but should not alter the gating kinetics of the channel, since the kinetics are not affected by different amounts of the G protein subunits or GTP.29,30 It is possible, however, that the G protein itself is the target of phosphorylation and that the modified a-subunit of the G protein may interact with the K' channel in a way to alter the kinetics of the K+ channel opening and closing. Evidences from the experimental results above are also consistent with the existence of one population of ACh-activated K+ channels that can be modulated in its kinetics to display a different mode of behavior.
In heart cells, 3-adrenergic stimulation has been reported to increase the Ca21 current,'0-13 K+ current,21,22 pacemaker current (I1),6,7 and transient outward current3' and activate a Cl-current,32,33 all through the cAMP-dependent pathway. Thus, PKA phosphorylates several membrane proteins, each associated with an ion channel, to modulate cardiac function.8 /3-Adrenergic agonists may modulate their positive chronotropic action on atrial cells by phosphorylation of the muscarinic K' channel to increase potassium conductance. In the absence of such a negative feedback mechanism to increase the muscarinic K' channel activity, strong sympathetic stimulation of the heart may result in arrhythmias.
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